Axial swimming in ¢sh varies across a range of body forms and swimming modes. Swimming by eels, tunas, mackerels, scup, rainbow trout and bass span this range from high curvature anguilliform swimmers to rigid body thunniform swimmers. Recent work on these and other species has elucidated an impressive array of solutions to the problem of how to use the red (aerobic, slow-twitch) muscle to power steady or sustained swimming. This review will use a comparative approach to understand the generalities of aerobic muscle function during steady swimming in ¢sh and determine possible rules for the relationships between muscle contractile kinetics, in vivo muscle activity and power output during swimming. Beyond an exploration of the diversity in muscle activity and swimming kinematics, I suggest that analysis of the molecular basis for longitudinal variations in muscle function is needed to complement morphological and physiological research on ¢sh muscle.This will permit both a general understanding of the integrative function of the ¢sh myotome and, perhaps, predictive tools for muscle activity and swimming performance in ¢sh.
Introduction
Axial undulation-or caudal-¢n-based swimming, which involves lateral bending of the body and oscillatory movement of the tail, is the primitive swimming mode of ¢sh. Amongst extant forms, axial swimming is used at least some of the time by ¢sh as diverse as tunas, tarpons, sturgeons, sharks and butter£y¢sh. Axial swimming is powered by the myotomal musculature^the segmented myomeres that line each side of the animal's body. Bending of the body and oscillation of the tail are achieved through alternating waves of contraction moving down each side of the animal.
The bulk (>90%) of the myotome of most ¢sh is composed of white or anaerobic, fast-twitch muscle. It is hypothetically arranged in epaxial and hypaxial helixes on each side of the ¢sh (Alexander1969). Individual myomeres display a 'W' shape, with epaxial and hypaxial anterior-pointing cones along with nested posterior-pointing cones and a central anterior-pointing cone (Fig. 1) . This leads to considerable overlap between myomeres of di¡erent longitudinal positions. Red and pink muscles, the aerobic ¢bre types in the myotome, are arranged in bands with longitudinal ¢bre orientation along the lateral midline of each side of the ¢sh (Fig. 1) . Individual myomeres typically show little or no longitudinal overlap. In most ¢sh, the red or slow-twitch muscle is super¢cial, being just under the skin along the lateral sides of the body. Pink or intermediate muscle ¢bres are found in similar longitudinal bands, just medial to the red in some ¢sh. Besides location, another di¡erence between the white and the red and pink muscle ¢bres is gearing ratio. The complex, helical ¢bre orientation of white muscle means that white muscle need to shorten much less than red to generate the same level of body curvature. The gearing ratio of red and pink muscle is de¢ned as one (1 : 1 correspondence of muscle shortening to resulting body curvature), while white muscle has a gearing ratio of approximately two to four (a given amount of muscle shortening by white muscle generates 2^4 times more curvature than red muscle; Alexander1969; Rome et al.1988; Wakeling and Johnston 1999) . The e¡ects of shortening in white muscle are, therefore, more di⁄cult to predict than for red muscle, particularly because the gearing ratio of white muscle is not constant across species (Wakeling and Johnston1999) .
Slow, steady axial swimming is the product of alternating contractions of red muscle that propagate from anterior to posterior (Rome et al. 1993; Wardle et al. 1995; Coughlin and Rome 1996a; Gillis 1998; Hammond et al.1998; Coughlin 2000) . Power production at higher, but still steady, swimming speeds is augmented by the pink or intermediate muscle in some ¢sh (Coughlin and Rome 1996a) . At higher swimming speeds, swimming is unsteady and unsustainable as white or fast muscle is recruited to power swimming (Rome et al.1988; Lauder 1994, 1995a; Gillis 1998; Coughlin and Rome 1999 ). There have been many studies on the kinetics of red, pink and white muscles. Perhaps due to a simpler ¢bre architecture and more super¢cial position, the ¢rst round of studies to detail in vivo muscle activity, contraction kinetics and longitudinal patterns of Figure 1 Myotomal muscle in ¢shes. In this representative ¢sh (a trout), myomeres are shown (top drawing) as they appear just below the skin. A longitudinal band of red or aerobic muscle runs down the midline of each side of the ¢sh (indicated in dark grey). The white muscle is visible above (epaxial) and below (hypaxial) the red muscle band. The'W'shaped structure of individual myomeres of the deeper white muscle is shown for several body positions (middle drawing). Medially directed anterior-and posteriorpointing cones are shaded grey.These cones project beneath the myomeres found in front of or behind the myomere shown.When viewed in the transverse, the lateral bands of aerobic muscle have a'V'shape (dark grey triangles in bottom row of drawings), while the bulk of the myotome is white muscle. Cross-sectional area of the red muscle in many ¢shes is greatest in the middle and posterior musculature, while white muscle area decreases from anterior to posterior. In some ¢sh species, pink muscle (not shown) would be found just below the red muscle. Also shown in cross-section are the abdominal cavity and the vertebral centrum.
power production focused on steady swimming and the aerobic muscle ¢bre types (e.g. van Leeuwen et al. 1990; Rome et al. 1993; Jayne and Lauder 1995b; van Leeuwen1995; Wardle et al.1995; Coughlin and Rome 1996a; Hammond et al.1998; Coughlin 2000; Ellerby et al. 2000 Ellerby et al. , 2001a Rome et al. 2000; Rome 2000, 2001; Rome and Swank 2001) . These studies are the basis of this review. More recently, substantial success in detailing longitudinal patterns of power production by white muscle during fast, unsteady swimming behaviours has been achieved (e.g. Ellerby et al. 2001b to name two very recent e¡orts).
Axial undulatory swimming has been characterized as a spectrum of swimming modes (see Webb 1998 ; for a recent discussion). At one end is anguilliform (from Anguilla, a genus of catadromous eels common in North America and Europe). Anguilliform swimmers show a high degree of body curvature during swimming. Forward thrust is generated by large amplitude bending that begins just behind the head and continues to the tail. At the other end of the spectrum is thunniform swimming (from Thunnus, a genus of tuna). Thunniform swimmers display very little bending of the body, generating forward thrust primarily with their tail. The lateral bending of the body does not communicate thrust to the water directly, but the entire myotome acts to oscillate the tail blade. Many intermediate forms can be described, such as subcarangiform and carangiform (from Carangus, a genus of jack).
A correlate to body curvature during swimming is the number of body segments. Although vertebrae number is certainly related to a ¢sh's phylogenetic position, ¢sh that display di¡erent swimming modes commonly have di¡erent numbers of vertebrae. Anguilliform swimmers tend to have high numbers of vertebrae. For instance, the American eel (Anguilla rostrata, Anguillidae) has 103^111 vertebrae (Boetius 1980) . Alternatively, the subcarangiform swimming rainbow trout (Oncorhynchus mykiss, Salmonidae) has 61^65 (Behnke1992); and the thunniform swimming skipjack tuna (Katsuwonus pelamis, Scombridae) has 40^41 (Hart1988).
Over the last decade, a debate has developed concerning how ¢sh of di¡erent body forms or undulatory modes use their red or slow-twitch, aerobic muscle for swimming. The debate has centred on longitudinal variations in power production, with a variety of interpretations on whether the principal source of power during swimming is the anterior musculature (typically from just behind the head to 0.50^0.55 body length, BL), the posterior musculature (from 0.50^0.55 BL to the tail) or a generalized feature of the full length of the red myotome. Wardle et al. (1995) related patterns of power production to the swimming forms described above, using the variable wavelength of body curvature (l B ) to indicate swimming mode. The wavelength l B is expressed in terms of body lengths; at l B ¼ 1, the body forms one full wavelength of bending during swimming. Smaller values of l B (e.g. $0.5) suggest higher levels of curvature, as would be expected in anguilliform swimming. Values of l B greater than one are associated with sti¡-bodied swimming in carangiform swimmers. Wardle et al. (1995) suggested that ¢sh that swim with low values of l B tend to have uniform muscle activity patterns along their length, leading to power production at all longitudinal positions. In species such as mackerel and saithe, which have l B values close to unity, thrust is generated mainly at the tail; the anterior muscle generates high mechanical power, while the posterior muscle generates both power and transmits power to the tail blade. Lastly, in a ¢sh like scup, which Wardle et al. (1995) reported to have a l B value of $1.6, considerable power for swimming is generated by the posterior muscle, with anterior muscle supplying very little power (Rome et al.1993) .
In addition to the wavelength of body curvature during swimming, there is considerable variation in the distribution of the aerobic muscle used during steady swimming. Red muscle in many ¢sh is relatively laterally placed, but can have variable longitudinal patterns of distribution Ellerby et al. 2000) . Further, the well-documented internalization of red muscle in heterothermic forms like tuna poses additional complications to how the aerobic muscle is used for steady swimming.
In this article, I will review research on red muscle function during steady axial swimming in ¢sh, including an examination of longitudinal (rostralĉ audal) variations in (i) muscle activation conditions during swimming, (ii) in vivo muscle contractile properties, (iii) patterns of mass-speci¢c power production estimated through either modelling or empirical oscillatory power (or work loop) measurements, and (iv) muscle mass and, therefore, absolute power production. I will attempt to examine the relationship of l B to swimming form and power production, but the emphasis here is on how the wide assemblage of ¢sh forms is associated with a diverse set of solutions to the problem of using the myotomal red muscle to power steady, undulatory swimming. Rostral-caudal patterns of in vivo muscle activity
Evaluation of how the red muscle is used during steady swimming begins with physiological recordings from swimming ¢sh to characterize the electrical and mechanical waves that travel down the animal during axial swimming. A variety of techniques have been employed. Electromyography is used typically to record muscle's electrical activity. Patterns of muscle length change during swimming have been determined using several di¡erent approaches. A variety of researchers have used cinematography coupled with frame-by-frame analysis to characterize aerobic muscle length change at several positions on a swimming ¢sh. For instance, Rome and colleagues used a cinematographic technique coupled witha linear calibration that relates backbone curvature to sarcomere length of the laterally placed red muscle. The calibration for a given muscle type and species is generated by measuring sarcomere length in muscle samples from ¢sh that have entered rigor after being bent into a range of body curvatures (Rome et al. 1993; Coughlin and Rome 1996a) . Other researchers have used beam theory to relate backbone curvature determined cinematographically to length change of the aerobic muscle (e.g. Jayne and Lauder 1995b) . More recently, sonomicrometry has become the standard technique for determining muscle length change during swimming (e.g. Hammond et al.1998; Katz et al. 1999; Coughlin 2000) . The distance between pairs of piezoelectric crystals inserted in muscle is measured continuously using sound waves, providing highresolution waveforms that represent muscle length change during swimming (Fig. 2) . Sonomicrometry has also been used repeatedly to verify the earlier methods employed in measuring muscle length change. Coughlin and Rome (1996b) and Katz et al. (1999) used sonomicrometry simultaneously with ¢lming techniques, demonstrating agreement between results from eachtechnique. During steady swimming, ¢sh show longitudinal variations in red muscle activation conditions. Muscle duty cycle (duration of EMG bursts as a proportion of the tailbeat or undulatory cycle time, an indicator of neuro-muscular control), muscle strain (relative length change) and muscle phase (timing of EMG onset relative to peak muscle length during each length change cycle), all typically vary along the length of ¢sh during swimming. In many ¢sh, muscle strain increases and muscle duty cycle decreases from anterior to posterior (Figs 2 and 3) . Muscle strain, expressed as AE % length change from resting, increases by a factor of 2 or more in many species from anterior to posterior. For the species that have been examined, red muscle ¢bres undergo a symmetrical length change cycle with an equal amount of time spent during the lengthening and shortening phases of the oscillatory period (Altringham and Ellerby 1999 ). Anterior muscle typically shows a Figure 3 Red or aerobic muscle in vivo activation conditions during steady swimming by various ¢sh. Muscle length change (AE % change in resting muscle length), electromyogram duty cycle (EMG burst duration expressed as a proportion of the tailbeat cycle) and phase (onset time of EMG burst relative to peak muscle length, expressed as a proportion of tailbeat cycle) were measured in a variety of ¢sh. Phase was converted from various studies such that a phase of 0.0 indicates EMG onset and muscle shortening at the same time, and a negative phase indicates onset of muscle activity before shortening. An asterisk indicates a signi¢cant change in a given variable from rostral to caudal, as reported in the literature, while'NS' indicates no signi¢cant longitudinal di¡erences. If there is neither an asterisk nor an'NS' , no speci¢c statistical results were available. Sources: rainbow trout, Coughlin (2000) and Hammond et al. (1998) ; brook trout, McGlinchey et al. (2001) ; scup, Rome et al. (1993) ; largemouth bass, Jayne and Lauder (1995b) ; mackerel, Shadwick et al. (1998) ; bonito, Ellerby et al. (2000) ; and skipjack tuna, Shadwick et al. (1999) . The eel data include duty cycle and phase data forAmerican eel (A. rostratra) from Gillis (1998) and strain data for European eel (A. anguilla) from D' Aou" t and Aerts (1999). small phase shift, with red muscle EMG onset time just before the muscle reaches its peak length and begins shortening. At more posterior positions, there is a greater phase shift, with muscle activity occurring earlier and earlier in each length change cycle. Phase shift can be as great as onefourth cycles, such that the red muscle activity begins 0.25 of the oscillatory cycle before the muscle begins to shorten (Fig. 3) . The increasing phase shift from anterior to posterior indicates that the electrical waveform (e.g. the onset of EMG activity) travels faster down a ¢sh's body than the mechanical waveform (e.g. the posterior progression of peak curvature). Such a general pattern has been described for a vari Wardle and Videler 1993) . The magnitude of variations in muscle activation conditions depends heavily on the species, however (Fig. 3 ). Some species, such as scup and bass, show substantial di¡erences in strain, duty cycle and phase along their length, while others show statistically signi¢cant but quantitatively small variations, such as brook trout (Fig. 3) . Two exceptions to the above general characteristics of muscle activity during steady swimming are eels and tuna. In American eels, there is no longitudinal shift in EMG duty cycle: duty cycle is near constant along the length of this ¢sh ( Fig. 3) (Gillis 1998) . However, there is longitudinal variation in phase, with smaller phase shifts in the anterior of eels. In skipjack tuna, there is no longitudinal shift in phase, although anterior muscle does have a signi¢cantly longer duty cycle than posterior muscle ( Fig. 3) . Di¡erences in steady swimming mode and in red muscle activation conditions amongst all of these ¢sh lead to questions about the relationship of swimming mode and activation conditions to power production by red muscle. Before exploring power production, I will examine a recent criticism of studies of in vivo muscle activity and then discuss contractile properties of the aerobic muscle.
The accuracy of measurements of muscle length change, particularly with regard to the timing of peak length, has been called into question Shadwick 1998, 2000) . Katz and Shadwick suggest that a number of studies have miscalculated muscle length change because lateral displacement of the body, instead of body curvature, was used as an indicator of muscle length. Since lateral displacement and backbone curvature are out of phase (Jayne and Lauder1995b), such reliance would lead to error. Katz and Shadwick (2000) argued that this error leads to inaccurate determination of the phase of EMG activity relative to peak muscle length. Further, they suggest that phase does not vary along the length of the animal. Instead, the electrical and mechanical waves travel down the body of a swimming ¢sh at the same rate (Katz and Shadwick 2000) . This would have an important impact on patterns of power production (discussed below). Katz and Shadwick's assertions might be true for a few species (e.g. skipjack tuna). However, there are at least three lines of evidence that the problem, as they describe it, is of limited interest. First, many datasets on muscle length change were not collected with a reliance on lateral displacement but accurately determine muscle length change and thereby, muscle phase via local backbone curvature (e.g. Jayne and Lauder 1995a; Gillis 1998) . Second, recent work using sonomicrometry has clearly shown that di¡erences in the electrical and mechanical wave speeds are, at the least, common (e.g. Coughlin and Rome 1996a; Hammond et al. 1998; Coughlin 2000) . Lastly, some datasets called into question by Katz's theoretical work (e.g. work on saithe and mackerel, Wardle and Videler 1993) have been recently veri¢ed as accurate using sonomicrometry (J. Altringham, personal communication).
Rostral^caudal variation in contraction kinetics
Fish muscle in the front and back of a steadily swimming ¢sh faces generally di¡erent patterns of activation during swimming. In an e¡ort to understand how variations in activation conditions relate to power production, a connection must be made to the contractile properties of muscle. Isometric contraction characteristics, such as tetanic activation and relaxation times and twitch contraction time and measurements of shortening velocity and peak steady-state power production allow for insight into how a given set of activation conditions translate into cyclical power output during swimming.
Just as there are longitudinal variations in the activation conditions of muscle in vivo, there are longitudinal variations in the contractile properties of muscle. A general feature of many ¢sh, including trout, scup, bass and some tuna, is that the anterior red muscle displays faster rates of relaxation (Rome et al.1993; Coughlin et al.1996; Altringham and Block 1997; Altringham and Ellerby 1999; Coughlin 2000; Coughlin et al. 2001a) . Some ¢sh species, such as trout, also show a longitudinal variation in activation time, such that anterior muscle activates more rapidly than posterior muscle (Hammond et al.1998; Coughlin et al. 2001a ). The magnitude of longitudinal variation in contractile properties is highly species speci¢c, but anterior muscle is commonly 30^60% faster in terms of relaxation rate and, in certain species, 20^30% faster in terms of activation (Table 1) .
Skipjack tuna display a distinct longitudinal variation in contraction kinetics along their length, with no variation in relaxation rate between anterior and posterior and faster rates of activation in the posterior . Recent work on $0.73 m European eels (Anguilla anguilla, Anguillidae, Ellerby et al. 2001a ) had shown only a minor, although statistically signi¢cant, longitudinal variation in contraction kinetics. The relaxation rate of the rostral muscle of the silver phase or migratory life history stage is 9% faster than that of the caudal muscle. No rostral^caudal di¡erences were observed in the activation rate in the silver phase eels, and no di¡erences in activation or relaxation rate were observed in the younger, nonmigratory yellow phase eels (Table 1) 
Power production during steady swimming
Mass-speci¢c power Combining data on activation conditions with those on contractile properties permits predictions about patterns of power production during swimming. Those predictions can be tested through a variety of means, including empirical measurements of power output in vitro using isolated muscle bundles and modelling approaches that combine data on activation conditions with contractile properties of the Table 1 Longitudinal variation in isometric contractile properties of the aerobic muscle in ¢sh. A comparison of twitch and tetanus contraction kinetics variables is presented as the ratio of a given kinetics measurement from caudal muscle divided by the value for rostral muscle. Ratios greater than1.0 indicate faster kinetics (shorter times) by rostral muscle. An asterisk indicates a signi¢cant di¡erence between anterior and posterior (e.g. ratio AE1.0, P < 0.05). The variables are twitch and tetanus activation times (T a ), twitch 50% relaxation time (T r50 ), total twitch time to 50% recovery (T w50 ), total twitch time to 90% recovery (T w90 ) and tetanus relaxation time (T r ). De¢nitions of the tetanic variables di¡er subtly between studies, and de¢nitions of anterior and posterior are also species speci¢c. muscle to draw conclusions about power output. The wide variety of research in this area has resulted in three general conclusions about how power is produced by the aerobic muscle during steady swimming. Some studies report that (i) the majority of power comes from the posterior myotome, others suggest that (ii) the anterior muscle generates substantially more power than the posterior muscle, and some studies report that (iii) the anterior and posterior regions of the myotome produce roughly equivalent levels of power. This discussion will focus at ¢rst on mass-speci¢c power output by muscle, which is the type of data generated by the above techniques. As discussed below, combining massspeci¢c data with descriptions of muscle distribution reveals absolute patterns of power output during swimming. Scup, bass and, to a lesser extent, rainbow trout belong to the ¢rst group described above. Using the work loop technique (Josephson 1985), Rome et al. (1993) reported that in scup, the power for swimming is generated by the posterior musculature. The anterior musculature generated much less mass-speci¢c power for swimming than posterior muscle. Coughlin (2000) observed the same basic result in a work loop study of power output at six positions in largemouth bass. In scup and bass, the posterior muscle produces more than 10 times the mass-speci¢c power of the anterior muscle (Fig. 4) . The explanation for the substantial di¡erence in power output is that both scup and bass show disadvantageous (with respect to power production) activation conditions in the anterior muscle. The anterior muscle encounters long EMG duty cycles, low muscle strains and small phase shifts between activation and shortening. Low strains limit maximum power output; short phase shifts mean the muscle may not be fully activated at the start of shortening; and long duty cycles suggest that the muscle will not relax completely prior to being relengthened. All of these would lead to lower net work output per oscillation cycle and, therefore, lower mass-speci¢c power output by the anterior muscle. Instead, this anterior muscle may be serving some other function (e.g. stabilizing the head) during swimming.
Both scup and bass do display faster rates of relaxation in the anterior muscle. Faster relaxation rates will help reduce the force in the anterior muscle just prior to the onset of muscle lengthening. Thus, the di¡erence in contractile properties between anterior and posterior allows the anterior muscle to produce at least some positive power and mitigates some of the e¡ects of longitudinal variation in activation conditions. Indeed, Rome et al. (1993) reported that the slower posterior muscle of scup produces no net power when activated under the in vivo conditions of the anterior muscle. Figure 4 Mass-speci¢c power output by red muscle. Power output was measured using the work loop technique with in vivo activation conditions. Asterisks indicate a signi¢cant change in power output from anterior to posterior. Note that power output is highly variable and temperature dependent. Skipjack tuna produce in excess of100 W kg À1 at 25 8C, while peak eel red muscle power production was less than1.0 W kg À1 at14 8C. The emphasis here is on longitudinal patterns of mass-speci¢c power production within a ¢sh. Sources: rainbow trout and largemouth bass, Coughlin (2000) ; scup, Rome et al. In rainbow trout, relatively modest longitudinal variations in in vivo activation patterns (Fig. 3) coupled with signi¢cantly faster rates of both activation and relaxation by the anterior muscle (Table 1) suggest only a slight increase in mass-speci¢c power output from anterior to posterior during steady swimming. In these ¢sh, the faster activation of anterior muscle would compensate for the small phase shift observed at that position during swimming. Coughlin (2000) reported that for juvenile rainbow trout, the posterior : anterior ratio of mass-speci¢c power output is $2, far less than the order of magnitude di¡erences observed in scup and bass.
The second category of ¢sh are proposed to generate most of the power for swimming with the anterior myotome. Using in vivo muscle activity and contraction kinetics data with various forms of modelling; van Leeuwen et al. (1990) , Wardle and Videler (1993) and van Leeuwen (1995) concluded that mackerel, saithe, and carp have high massspeci¢c power output in their anterior myotome. The posterior red muscle generates relatively low power and was theorized to act in part as a sti¡ened rod that transmits force from the anterior muscle to the tail blade (see Wardle et al. 1995; Altringham and Ellerby 1999) . Using a di¡erent modelling technique that employed in vivo muscle activity data and contraction kinetics to estimate power production, Shadwick et al. (1998) suggested that mackerel power steady swimming with the entire myotome.
Fish that fall into the third pattern of mass-speci¢c power output are those with little longitudinal variation in both in vivo activation conditions and contractile properties. For instance, work loop studies on adult rainbow trout (Hammond et al. 1998 ) and brook trout (McGlinchey et al. 2001) found no longitudinal di¡erences in the mass-speci¢c power output (Fig. 4) . In brook trout, at least, longitudinal variations in activation conditions (Fig. 3) are modest, and there are no rostral^caudal di¡erences in contractile properties (Table 1) .
Di¡erences in patterns of power production between juvenile and adult rainbow trout and between similar-sized juvenile rainbow trout and adult brook trout merit further investigation. Since the many wild and hatchery strains of salmonids can vary appreciably in terms of swimming performance and other muscle characteristics (E. Don Stevens, personal communication), care must be taken that conclusions about developmental or interspeci¢c di¡erences in power output are not artefacts of the source of the experimental animal.
For the two species mentioned above as 'exceptions' to the typical rostral^caudal patterns of red muscle activity during swimming, eel and tuna, power for steady swimming also comes from the entire red myotome. Syme and Shadwick (2001) reported that in vivo power production by red muscle in skipjack tuna is near maximal at all longitudinal positions during steady swimming. In workloop experiments, muscle at a given position generates about as much power under the in vivo activation conditions for that position as under stimulation conditions that are optimized for maximum oscillatory power. However, the posterior muscle does produce 1.5-fold higher mass-speci¢c power than the anterior. As discussed above, these ¢sh show no longitudinal di¡erences in the phase of muscle activation, but the posterior muscle activates faster. This apparently leads to the 50% increase in power output by the posterior muscle. Due to long posterior oblique tendons, shortening in the anterior red muscle of tunas can be communicated via tendon to posterior body segments (Westneat et al. 1993) , so the relatively high power output by anterior muscle (compared to other species) has a direct e¡ect on tail movement. Although tuna are'thunniform'or sti¡-bodied swimmers, the anterior muscle contributes to thrust generation (at the tail). An additional consideration in tuna is the contribution of the internalized blocks of aerobic muscle.This muscle is capable of high muscle strains despite lower body curvature, increasing available power output (Katz et al. 2001) . In eels, high body curvature during swimming and the use of the entire body to generate thrust indicates an important role for power generation by the anterior myotome, at least at relatively high steady swimming speeds (Gillis1998), a result recently con¢rmed in work loop studies by Ellerby et al. (2001a) and D' Aou " t et al. (2001) .
To date, no work loop studies have demonstrated higher mass-speci¢c power output by the anterior muscle compared to posterior muscle, as was suggested by earlier modelling work (e.g. van Leeuwen 1995) . In addition, while ¢sh do show a variety of rostral^caudal patterns of aerobic muscle power production during steady swimming, these patterns do not correlate well with measurements of l B . For instance, despite qualitative and quantitative di¡er-ences in the patterns of power production during swimming, rainbow trout, brook trout and scup display similar l B values during swimming. In all three 
Power output and muscle distribution
The above discussion refers generally to longitudinal variation in mass-speci¢c power output. Such data permit evaluation of the e¡ect of rostral^caudal variations in in vivo activity and muscle kinetics on power production. To make speci¢c conclusions about power production in absolute terms, data are needed on the cross-section and mass of muscle at di¡erent longitudinal positions. Work on scup (Coughlin and Rome 1996a; Zhang et al. 1996) showed that the longitudinal variation in mass-speci¢c power output by red muscle during swimming (posterior muscle produces 10-fold more power than anterior) is magni¢ed by a skewed distribution of the red muscle. More muscle is found in the posterior red myotome, accentuating the higher power output of the posterior half of scup during steady swimming (Fig. 5) . Similar results are observed for both rainbow and brook trout: red muscle mass and absolute power production peak in the posterior half of the ¢sh (Fig. 5) .
Alternatively, there is little longitudinal variation in absolute power output in eels. The cross-section of red muscle di¡ers by only $30% between 0.3 and 0.8 BL (Ellerby et al. 2000) . Combining that with the limited variation in mass-speci¢c power output (Fig. 4) suggests that eels do power swimming with the entire myotome (Fig. 6) . In yellow¢n tuna (Thunnus albacares, Scombridae) muscle mass peaks at 0.5 BL, dropping both rostrally and caudally. At 0.4 BL, aerobic muscle mass is $80% maximum, while at 0.7 BL it is $25% of maximum (Ellerby et al. 2000) . Combining that with the $70% increase in mass-speci¢c power output from anterior to posterior observed in skipjack tuna leads to the suggestion that the anterior myotome of 'tunas' produces twice the absolute power of the posterior myotome (Fig. 6) . Importantly, this is based on an assumption that skipjack and yellow¢n tuna have similar aerobic muscle distributions.
An additional level of analysis is the relationship of in vivo power production by the swimming musculature to the generation of hydrodynamic thrust. By quantifying the boundary layer using the analysis of particle motion, Anderson et al. (2001) recently determined the drag on free-swimming scup and a smooth dog¢sh (Mustelus canis,Triakidae). They were able to show that the red muscle do produce considerably more power (as determined by Rome et al. 1993; Coughlin and Rome 1996a) than needed in thrust to overcome the drag on a steadily swimming scup. The di¡erence in power produced by the muscle and thrust generation relates to the interdependency of £uid mechanics to muscle mechanics, as recently modelled by Pedley and Hill (1999) . Lastly, the 'excess' power available to scup may be partlyan illusion. Calculations of total power output in scup assume maximum recruitment of all of the red muscle. As this is di⁄cult to demonstrate, combining work loop massspeci¢c power output with data on muscle mass gives the maximum potential power output of a ¢sh during swimming.
An important conclusion from the above work is that there is variation in how the red myotomal muscle is used to power steady swimming in di¡erent ¢sh. Further, variations in power are directly related to contractile properties of muscle and in vivo activation conditions. Figure 5 Normalized muscle area (A) and normalized absolute power output (B) for scup and rainbow and brook trout. For all three species, red or slow muscle area and therefore mass is greatest at 0.60^0.65 BL.When massspeci¢c power production was combined with the mass of muscle at each position, absolute power production peaks in the posterior region of the ¢sh. Scup data are adapted from Zhang et al. (1996) and Coughlin and Rome (1996a) ; trout data are from McGlinchey et al. (2001) .
Muscle constraints, contraction kinetics and axial undulatory swimming
Studies of steadyaxial swimming have taught several lessons about the relationship of muscle activity in vivo and the mass-speci¢c power output of that muscle. A common observation is that observed variations in activation conditions such as duty cycle, strain and phase do a¡ect power output.What is the mechanism or mechanisms of this limitation on power output? The e¡ects of strain on power output are direct. In a cyclically active muscle, the net work per cycle is the di¡erence between the positive work done by muscle during shortening (force generated Â shortening distance) and the negative work done to muscle to lengthen it (residual force Â lengthening distance). Positive work is maximized by having high force production and relatively high strain, although the maximum strain is limited by the molecular structure of muscle. Greater strain levels, up to a point, increase positive work. Low strain levels will limit the positive work per cycle and, thereby, limit power production (Rome et al. 1993; Coughlin and Rome 1996a) . The sinusoidal length change pattern also acts to limit power production at all positions, as asymmetrical length change patterns typically result in higher power output than symmetrical patterns (see Marsh1999).
For peak power production, muscle is activated ideally near the end of lengthening, reaches peak force at the beginning of shortening, and then relaxes rapidlyat the end of the shortening phase.The performance of muscle in vivo is constrained in part by the kinetics of activation and relaxation. It takes time for muscle to both activate (generate force) and relax. Muscle is, therefore, stimulated by the ¢sh prior to the onset of shortening. As force levels in the muscle increase at the end of lengthening, negative work must be done to the muscle (byantagonists) to stretch it. Further, for the muscle to be adequately relaxed at the end of lengthening, relaxation must begin during shortening, reducing the positive work done by the muscle. If muscle is activated with a small phase shift, the muscle will not reach peak force until well into the shortening. Second, if muscle also is stimulated with a long duty cycle, force levels will remain relatively high at the end of shortening and into the lengthening component of the length change cycle, again requiring negative work done to the muscle to lengthen it. The anterior muscle of most ¢sh is activated with longer duty cycles and shorter phase shifts than posterior muscle.
The result of these constraints is that the red muscle is not usually used to maximize power production at all positions during steady swimming in ¢sh. Typically, only a fraction of the maximum power measured from a muscle in vitro is estimated to be generated in vivo. For instance, in trout swimming at 3.0 L s À1 at 10 8C, anterior muscle generates 24% of maximum oscillatory power, while posterior muscle generates close to 40% of maximum power (Coughlin 2000) . In scup, the longitudinal di¡erences are even greater, with the anterior muscle producing <20% of maximum power and the posterior muscle producing close to the maximum. However, Syme and Shadwick (2001) conclude that skipjack tuna generate maximal power at all positions of the aerobic muscle during steady swimming. Of course, the lower power output of the anterior muscle can also be considered a result of the di¡erent function of the anterior myotome. It has been suggested that the anterior muscle may serve to sti¡en the head during swimming (Rome et al.1993; Wardle et al.1995) . In any case, the in vivo activity conditions of the anterior muscle act to limit power generation, with notable exceptions such as skipjack tuna.
Future directions
The research described above focuses on steady swimming by a variety of ¢sh, each at a speci¢c temperature. This comparative approach permits insight into in vivo muscle function by looking at the dynamic interaction of contractile properties of muscle, its activation conditions and power production. Studies of longitudinal variations within a given ¢sh and interspeci¢c di¡erences in longitudinal patterns are leading towards a broader understanding of muscle and locomotion. Two important caveats to the above work are that (i) as has been widely discussed, swimming at a constant speed and direction (as ¢sh commonly do in £ume studies) is rare in nature, and (ii) temperature commonly varies along temporal (seasonal or daily), £ow or depth axes. The ¢rst is important because studies looking at optimization of muscle for a single behaviour, such as steady swimming, may overlook the alternative functions of the myotome, such as bending during manoeuvring. Aerobic but nonsteady swimming and turning behaviours have received increased attention in recent years, such as the study of pectoral ¢n function during turning in sun¢sh (e.g. Drucker and Lauder 2001) . Such work will enrich our understanding of the function of the myotome.
The second caveat is important because most ¢sh are ectothermic and environmental temperature will have a strong e¡ect on the force and power output of muscle. Few studies have looked at the identical steady swimming behaviour under di¡erent temperatures. One exception is an examination of in vivo activation patterns and in vitro contraction kinetics and power production by scup red muscle at 10 and 20 8C by Rome and colleagues (Coughlin and Rome 1996a; Rome et al. 2000; Swank and Rome 2000) . One important observation from their work is that in vivo activation conditions for a given swimming speed were independent of temperature . For instance, strain, duty cycle and phase were identical for swimming at 2.5 BL s À1 at 10 and 20 8C. Scup red muscle has a Q 10 of 2^3 for various contraction kinetics variables, meaning that the warmer muscle activates and relaxes at least twice as fast as the colder muscle (Rome and Swank 1992) . Since the power requirements for a given swimming speed are independent of temperature, scup at cold temperatures are required to generate the same amount of power as those at warm temperatures, but they must use much slower muscle. The result is that red muscle of scup at 10 8C actually generates verylittle power for steadyswimmingat the peak aerobic swimming speed, and a di¡erent aerobic ¢bre type, pink muscle, is recruited to augment power production (Coughlinand Rome1996a; Rome et al.2000) . However, if scup are given adequate time to acclimate to colder water, there are changes in both the activation conditions and contractile properties. Cold acclimated scup show a shorter EMG duty cycle and faster rates of activation . The ¢sh compensate for lower environmental temperature by both improving the activation conditions and increasing the contractile performance of the muscle. In these cold-acclimated ¢sh, swimming at 10 8C can be accomplished with little reliance on the less fatigue-resistant pink muscle, improving the'sustainability'of steady swimming .
The molecular basis for thermal acclimation in red muscle have not been studied, but some molecular mechanisms for thermal acclimation by white muscle have been documented. In a study of acclimation to cold water by gold¢sh (Carassius auratus, Cyprinidae) and killi¢sh (Fundulus heteroclitus, Cyprinodontidae), Johnson and Bennett (1995) showed shifts in white muscle myosin heavy chain (MHC) expression, myo¢brillar ATPase activity, contractile properties and burst swimming performance, particularly in gold¢sh. Alternatively, Johnson et al. (1996) reported limited change in these same variables in cold acclimated rainbow trout. Imai et al. (1997) and Hirayama et al. (1997 Hirayama et al. ( ,1998 have detailed shifts in white muscle myosin heavy chain (MHC) and myosin light chain (MLC) expression due to thermal acclimation in carp. Further, Wakeling et al. (2000) showed that acclimation-induced changes in MHC expression and Mg 2þĈ a 2þ ATPase activity were associated with variations in carp fast-start swimming performance. The relevance of this discussion to the present review is that myotomal function varies with temperature and that acclimation permits speci¢c molecular adaptations to a changing thermal environment that improve swimming performance.Therefore, conclusions about how ¢shuse their red muscle for steady swimming are speci¢c to environmental temperature and thermal history. In endothermic ¢sh, such as many scombrids, the in£uence of environmental temperature may be substantially reduced.
Two additional areas of interest in the study of red muscle function during swimming are (i) what is/are the molecular basis for longitudinal variations in contractile properties and (ii) what are the parameters of the nervous control of muscle activity. Patterns of power production result from the interaction of contractile properties with in vivo activation conditions, with the former being a function of protein composition and the latter being the result of neural function. Examining the range of variations in the molecular make-up and in neural plasticity both along intraspeci¢c and interspeci¢c axes will allow a determination of the true physical limits of ¢sh swimming performance.
As with acclimation studies, limited work has addressed rostral^caudal variation in the molecular composition of the red muscle of ¢sh. Swank et al. (1997) attempted to uncover the molecular basis for rostral^caudal variations in relaxation rate in scup. They showed that the maximum shortening velocity (V max ) of muscle did not di¡er along the length of the ¢sh. Since V max is in large part a function of MHC expression (Moss et al.1995) , no variation inV max suggests no di¡erence in MHC. They also quanti¢ed Ca 2þ ATPase levels, but were unable to demonstrate any longitudinal variation in this protein. They suggested that variations in relaxation rate might be due to di¡erences in Ca 2þ ATPase isoforms (Swank et al. 1997) . Coughlin et al. (2001a) examined V max and MHC expression along the length of rainbow trout of two age classes. BothV max and MHC expression patterns changed with growth from younger trout parr to older juveniles or smolts, but there were no longitudinal variations in either shortening velocity or MHC. Since both activation and relaxation rates di¡er along the length of rainbow trout, Coughlin et al. (2001a) suggested that variations in troponin T (TnT) expression might be responsible for longitudinal patterns of kinetics. Troponin T binds Ca 2þ and permits the activation of muscle (Schia⁄no and Reggiani1996) and variations inTnTdo lead to di¡er-ences in the activation of muscle (Schachat et al. 1987; Fitzhugh and Marden 1997) . Further, work on white muscle in cod (Gadus morhua, Gadidae) and largemouth bass have demonstrated that longitudinal variations in activation and relaxation are related to rostral^caudal di¡erences in the expression of TnT and parvalbumin (Thys et al. 1998 (Thys et al. , 2001 . Variations in the molecular composition of red muscle in ¢sh merits additional study. Lastly, very little e¡ort has addressed the neural regulation of steady swimming in ¢sh. At the most basic level, the innervation of the red muscle is not fully understood.While some studies have examined motor neurones (e.g. Raso 1990; Smit et al. 1991) and neurotransmitters (Radaelli et al. 1998 ) in ¢sh, not enough is known about the distribution of focal versus multiple innervation patterns of the red muscle, for instance. Such information would allow hypotheses concerning the limits of motor neurone function in ¢sh. Some physiological studies have suggested that patterns of neural control are fairly ¢xed. For instance, swimming speed typically has no e¡ect on duty cycle of EMGs (Jayne and Lauder 1995b; Gillis 1998; Coughlin 2000; Swank and Rome 2000) . However, duty cycle can vary with development; there is a substantial increase in the duty cycle of muscle activity in both the anterior and posterior red muscle during growth from parr to adult in rainbow trout (Coughlin et al. 2001b) . Also, duty cycle varies with temperature of acclimation in scup . Therefore, neural control can apparently change developmentally. Further, patterns of electromyograms vary within related groups of species, such as rainbow versus brook trout or mackerel versus bonito versus tuna (Fig. 3) , so evolutionary constraints on neural control apparently do not preclude di¡erent in vivo activation patterns within a clade. Much more work is needed in this area.
Conclusion
Slow and steady swimming in ¢sh involves the recruitment of the aerobic muscle. This review attempted to examine our current understanding of the function of the red muscle of ¢sh during axial, undulatory swimming. In the last decade, red muscle activity and patterns of power production have been studied in a wide variety of ¢sh species. Patterns of power production during steady swimming can be predicted from a combination of contractile properties of that muscle and detailed in vivo measurements of muscle activation conditions. Oscillatory power measurements, in the form of work loop experiments, allow testing of hypotheses about power production and swimming mode. An important conclusion of this work is that muscle function is variable and highly adaptable in di¡erent species. Closely related species can show distinct rostral^caudal patterns of contractile properties, activation conditions and power output. While some have argued that swimming mode is similar amongst most ¢sh (e.g. Katz and Shadwick 2000) , I suggest that the ¢sh myotome permits substantial variation in function between species. As we learn to better integrate di¡erent forms of swimming in our models of muscle function, I believe we will see even greater diversity in the solutions ¢sh have evolved to the 'problem'of locomotion. Lastly, research on ¢sh muscle function in the future would bene¢t from the inclusion of an examination of the molecular correlates of variations in contractile properties and the neural control of muscle activity.
